Introduction {#sec1}
============

The mandatory non-clinical study scheme prior to the first administration of a cell-based gene therapy medicinal product (GTMP) to human subjects includes and requires investigation of the biodistribution, comprising mobilization, persistence, and clearance, of the GTMP in a relevant animal model.[@bib1]^,^[@bib2] Due to the specific characteristics of each different GTMP, the European Medicines Agency (EMA) scientific guidelines recommend selecting the relevant non-clinical studies as well as their design on a case-by-case basis, following a risk-based approach.[@bib2]^,^[@bib3] Following this approach, a worst-case scenario biodistribution study involving intravenous (i.v.) administration of the GTMP to achieve maximum systemic levels must be taken into account.[@bib2] Moreover, for clinical trial approval or marketing authorization, the selection of the methods of analysis applied within the non-clinical study approach has to be justified, and a scientific rationale for the design and the properties of the implemented assays has to be provided to the authorities. Techniques based on nucleic acid amplification to quantify the amount of human genomic DNA (hgDNA) in a heterogeneous sample of murine genomic DNA (mgDNA) are frequently used to evaluate the biodistribution of various cell-based medicinal products[@bib4], [@bib5], [@bib6] because of their cost-efficiency, selectivity, and, most notably, their high sensitivity.[@bib7]^,^[@bib8] However, the performance of a qPCR-based method is influenced by a variety of different parameters that must be taken into account. The choice of primers and probe, the type of thermocycler, DNA polymerase, buffer composition, reaction conditions, and the calculation of quantification cycle (Cq) values all have a strong impact on the specificity, sensitivity, accuracy, and precision of the method.[@bib9], [@bib10], [@bib11] Consequently, an appropriate method validation must be performed to ensure that the analytical method is suitable for its intended purpose and that unrestricted interpretability and reliability of the obtained data are achieved. The requirements for an appropriate method validation depend on the intended purpose and differ if the analytical method is applied for early preclinical exploratory studies or for good laboratory practice (GLP)-compliant safety studies. Therefore, different guidelines have been developed by the EMA and the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) defining requirements for method validation.[@bib12]^,^[@bib13] The European Pharmacopoeia Monograph 2.6.21 also provides specific guidance for the validation of quantitative nucleic acid amplification-based methods.[@bib14] The α-satellite DNA on human chromosome 17[@bib15] and the human Down syndrome region of chromosome 21[@bib16] have been used as PCR targets, resulting in methods with different quantification limits. The selected target for the detection of hgDNA in a mgDNA background must feature a high species specificity to fulfill the sensitivity requirements in accordance with the current state of science and technology.[@bib2]^,^[@bib17]^,^[@bib18] Therefore, the human Alu (hAlu) repeat sequences have been used as a PCR target by several laboratories[@bib18], [@bib19], [@bib20] due to the fact that the highly repetitive nature and the species specificity of these sequences allow accurate, specific, and sensitive quantification of hgDNA within mgDNA.[@bib21], [@bib22], [@bib23] The developed and validated qPCR method described here is based on the primer and probe sequences published by Creane et al.[@bib18] This novel qPCR method and the applied validation approach represent a technological improvement to established research techniques with regard to compliance with regulatory guidelines and requirements. This method of analysis was applied in a biodistribution study simulating a worst-case scenario that involved i.v. administration of human blood outgrowth endothelial cells (BOECs) from hemophilia A (HA) patients in a pre-clinical mouse model. These cells had been transduced with a lentiviral vector carrying the functional human factor VIII (FVIII) gene. The biodistribution study was performed within a project for the development of an advanced therapy medicinal product (ATMP) classified as GTMP for the treatment of severe HA patients who lack coagulation FVIII activity due to mutations or deletions within the FVIII gene.[@bib24] It has previously been demonstrated that endothelial cells---and, in particular, liver sinusoidal endothelial cells (LSECs)---are the major FVIII-producing cells;[@bib25], [@bib26], [@bib27], [@bib28] thus, endothelial cells could represent an optimal cellular target for HA cell and gene therapy. In particular, BOECs have been described as fully differentiated endothelial cells displaying the typical endothelial cobblestone-like morphology in culture.[@bib24]^,^[@bib29] They are the progeny of bone-marrow-derived circulating cells, which are putative endothelial progenitor cells and feature a high expansion capacity for *in vitro* cell culture applications.[@bib24]^,^[@bib30] The biodistribution of canine or human BOECs from healthy donors has previously been assessed in mice with different methods, such as immunofluorescence microscopy, flow cytometry, and qPCR.[@bib31], [@bib32], [@bib33], [@bib34] In addition, BOECs that were genetically modified to produce FVIII, e.g., by lentiviral transduction or plasmid transfection, have been evaluated as a potential treatment for HA patients, including assessment of biodistribution in animal models.[@bib32], [@bib33], [@bib34], [@bib35] Here, the biodistribution of an actual and novel candidate cell-based medicinal product consisting of BOECs isolated from hemophilic patients is evaluated. This is a prerequisite for designing and performing the subsequent toxicity studies necessary to ensure patient safety and permit moving the medicinal product toward a first-in-human clinical trial.

Results {#sec2}
=======

qPCR Method Validation {#sec2.1}
----------------------

The general requirements as well as the applicable validation characteristics relevant for the intended use, here the application for early preclinical studies as well as for later GLP-compliant safety studies, are described in the EMA Guideline on Bioanalytical Method Validation[@bib12] and the ICH Guideline ---Validation of Analytical Procedures: Text and Methodology Q2(R1).[@bib13] Although these guidelines should be followed, it is necessary to adapt them to the specific analytical method. The parameters required for the validation of a qPCR-based method are robustness, specificity, linearity, range, accuracy, precision, and quantification limit. In specific cases, the evaluation of both quantification limit and detection limit may be needed.[@bib13]^,^[@bib14] However, the evaluation of robustness is not included in this article. This topic was addressed during the development phase of the qPCR method, following the recommendations of the aforementioned guidelines. A summary of the method development and evaluation of its robustness can be found in [Tables S1--S5](#mmc1){ref-type="supplementary-material"} and [Figures S1--S7](#mmc1){ref-type="supplementary-material"}. The acceptance criteria were defined according to both guidelines and the preliminary data obtained during method development and robustness evaluation. Specificity is the ability to unequivocally assess the analyte in the presence of components that may be expected to be present.[@bib13] In the study reported here, the analyte is hgDNA contained in a sample matrix comprising different mouse organs and tissues. The specificity of the selected primers and the probe has been demonstrated by Creane et al.[@bib18] and confirmed by comparison of the primer sequences with hAlu sequences published in the NCBI GenBank databases, using the BLAST algorithm. Creane et al.[@bib18] proved the specific amplification of commercially obtained hgDNA with hAlu primers by analyzing hgDNA diluted in different sample matrices---namely, DNA isolated from mouse, rat, or rabbit organs---and comparing the results with pure samples containing only mouse, rat, or rabbit DNA. In addition, they analyzed six different dilutions of hgDNA diluted in mouse, rat, or rabbit DNA and compared the Cq values to those obtained from equivalent dilutions of hgDNA without the mouse, rat, or rabbit sample matrix. Their analysis of various organs and tissues---namely, thigh, calf, heart, lung, brain, liver, kidney, and spleen---from control mice demonstrated specificity of the selected primers and the probe for different tissues from BALB/c nude mice. Likewise, the analysis of lung, heart, liver, spleen, kidney, gonads, bone with bone marrow, and brain from control NOD/SCID (non-obese diabetic/severe combined immunodeficiency)/gamma(C)(null) mice within this biodistribution study demonstrates specificity for the selected organs and for the mouse model. The numbers of genomes detected in samples isolated from different organs of control mice were compared to those detected in the same concentration of commercially obtained mgDNA (background control), which was isolated from whole blood. The genome concentration in any of the samples from organs of control mice was not statistically significant higher than the concentration of the background control. Moreover, a system-suitability control (SSC) was analyzed. The SSC was prepared by spiking mouse liver samples, consisting of a defined amount of freeze-dried liver powder, from a biodistribution study control mouse with a defined amount of genetically modified HA-BOECs at a ratio of 1,000:1 murine to human haploid genomes, followed by DNA extraction and concentration adjustment. The objective was to demonstrate the suitability of the whole processing chain. Furthermore, the SSC allows an estimation of the recovery that can be achieved after DNA extraction. The mean recovery was 21.94% of the applied genome concentration, as measured by qPCR.

The other validation characteristics---linearity, accuracy, precision, range, and quantification limit---were evaluated simultaneously by applying a validation matrix approach. These parameters were evaluated by analyzing hgDNA diluted in sample matrix (mgDNA) at six different concentrations (reference standards Ref10E1--Ref10E6) in four validation runs using the qPCR method. The reference standard Ref10E1 has a ratio of 1 human genome to 10 murine genomes, the reference standard Ref10E2 has a ratio of 1 to 100, and so forth, up to the maximum ratio of 1 human genome to 1,000,000 murine genomes in Ref10E6 (see [Table S6](#mmc1){ref-type="supplementary-material"} for a complete description of the calculation and manufacture of reference standards). In addition, pure samples of mgDNA and hgDNA were investigated as a background control and reference standard, respectively, along with Tris-EDTA (TE) buffer as a no-target control and the SSC. [Figure 1](#fig1){ref-type="fig"} shows the different genome concentration values measured for all described reference standards and samples.Figure 1Human Haploid Genome Concentrations for Samples Analyzed during Method Validation, Showing Validation Run 1 as an ExampleThe concentrations of human haploid genomes measured in 100 ng DNA are indicated as boxplots for five replicates (n = 5) except for the sample mgDNA with four replicates (n = 4). Whiskers represent minimum and maximum values, and the bold horizontal line represents the median. The p value is shown for the determination of the quantification limit (p = 0.0005).

The most critical parameters identified that had an influence on qPCR method performance or within qPCR preparation were the operator performing the experiment and the suitability of the manually prepared reference standards necessary to calculate and provide the calibration curve. Consequently, all validation runs were performed on different days and under different conditions ([Table 1](#tbl1){ref-type="table"}). With regard to the data shown in [Table S2](#mmc1){ref-type="supplementary-material"} and [Figure S4](#mmc1){ref-type="supplementary-material"}, four different operators performed the qPCR method, and four different batches of reference standards for the calibration curves were applied.Table 1Validation MatrixValidation RunqPCR Parameters and ConditionsDayOperatorBatch Hydrolysis ProbeBatch Forward/Reverse PrimerBatch Reference Standard[a](#tblfn1){ref-type="table-fn"}Batch Mastermix11A2019-02-122019-02-122019-02-131800940023A2018-10-242019-02-122019-02-131802652036A2018-10-242018-10-162018-10-151802652048B2019-02-122019-02-122019-02-1318009400[^1]

The validation characteristics were determined for all reference standards. The linearity of the assay reflects its ability to obtain test results that are directly proportional to the concentration of hgDNA in the sample. [Table 2](#tbl2){ref-type="table"} shows the acceptance criteria and the calculated values for the efficiency of the amplification of the target sequence in percent and the slope and the error of the calibration curve, which are important determinants of linearity. The y-intercept indicates the crossing point for the log concentration of zero and has to be reported.[@bib13] Plots of calibration curves for all runs can be found in [Figure S8](#mmc1){ref-type="supplementary-material"}. The acceptance criteria for linearity were fulfilled for all validation runs. The acceptance criteria include the error value, which is the mean squared error of the single data points fit to the regression line, a measure of the accuracy of the quantification results. The error value limit of 0.05 was defined based on the preliminary results presented in [Table S2](#mmc1){ref-type="supplementary-material"} and [Figure S4](#mmc1){ref-type="supplementary-material"} and considering the threshold values given in the Roche LightCycler manual. The slope of the calibration curve describes the kinetics of the PCR amplification and indicates how quickly the amount of target nucleic acid can be expected to increase with the amplification cycles; thus, this acceptance criterion also refers to efficiency. The efficiency needs to be stable and in a range of 90%--110% to ensure reproducible results. No acceptance criterion is defined for the y-intercept, as this value only needs to be reported.Table 2Linearity AssessmentErrorEfficiency (%)Slopey-InterceptAcceptance criterion⩽0.0590--110−3.100 to 3.580not definedValidation run 10.019096.80−3.48628.70Validation run 20.021696.70−3.49028.92Validation run 30.024499.35−3.35228.33Validation run 40.010997.40−3.45428.15

The intra- and inter-assay accuracy and precision are determined to express the closeness of agreement between the value that is accepted as reference value and the value found and the closeness of agreement between a series of measurements obtained from the multiple sampling of the same homogeneous sample, respectively.[@bib14] The intra-assay accuracy and precision values were assessed for each validation run individually by analyzing five replicates for each sample. The inter-assay accuracy and precision values were calculated using these five replicates of all samples of validation runs 1--4 obtained under different circumstances, as described earlier. The calculated values and the acceptance criteria for both are reported in [Table 3](#tbl3){ref-type="table"}. Accuracy is expressed as percentage of determined value to the nominal value, meaning the nominal genome concentration of the analyte.[@bib14] Precision is expressed as the coefficient of variation (CV) in percent. For the reference standard with the lowest concentration of analyte (Ref10E6), the required limit values for accuracy and precision are less strict.[@bib12] Therefore, different acceptance criteria for reference standard Ref10E6 were defined. The concentrations and the standard deviations for all samples in all validation runs are reported in [Figure S9](#mmc1){ref-type="supplementary-material"}.Table 3Intra- and Inter-assay Accuracy and PrecisionAcceptance CriteriahgDNARef10E1Ref10E2Ref10E3Ref10E4Ref10E5Ref10E6Intra-assay Accuracy and Precision (%)[a](#tblfn2){ref-type="table-fn"}% of Nominal valueaccuracy±15±15±15±15±15±15±20CV[b](#tblfn3){ref-type="table-fn"}precision⩽15⩽15⩽15⩽15⩽15⩽15⩽20Validation run 1accuracy80.29115.52114.6599.3299.6892.3099.46precision12.994.922.101.971.834.5618.61Validation run 2accuracy70.53[c](#tblfn4){ref-type="table-fn"}113.71115.6699.53102.6488.18107.20precision26.06[c](#tblfn4){ref-type="table-fn"}6.624.831.956.664.3619.45Validation run 3accuracy76.96129.62115.16101.4996.6489.7795.77precision12.659.713.7712.172.8810.2512.66Validation run 4accuracy92.77[d](#tblfn5){ref-type="table-fn"}109.68[c](#tblfn4){ref-type="table-fn"}109.08105.90102.6491.50101.63precision10.20[d](#tblfn5){ref-type="table-fn"}4.79[c](#tblfn4){ref-type="table-fn"}2.477.0913.685.6010.86Inter-assay Accuracy and Precision (%)[e](#tblfn6){ref-type="table-fn"}Replicates of all four runsaccuracy78.37117.52113.64101.56100.4090.44101.02precision16.829.294.007.167.736.3415.28[^2][^3][^4][^5][^6]

The results obtained ([Tables 2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"}) lead to the conclusion that suitable precision, accuracy, and linearity can be achieved within the concentration interval of 1:1 × 10^3^ to 1:1 × 10^6^ human genomes diluted in mouse genomes, representing the range of the qPCR method.[@bib13]^,^[@bib14] Increased concentrations of human genomes, between the interval of 1:1 × 10^1^ to 1:1 × 10^2^ human genomes diluted in mouse genomes (Ref10E1 and Ref10E2), could be detected with acceptable precision. However, the acceptance criterion for accuracy was not quite achieved for reference standard Ref10E2 in validation run 2. Likewise, the acceptance criteria for accuracy and inter-assay precision were not met for Ref10E1 in validation runs 1 and 3. The measurement of undiluted hgDNA failed to achieve both accuracy and precision in almost all validation runs.

The quantification limit is defined as the lowest amount of analyte in a sample or sample matrix that can be quantified with suitable accuracy and precision and expresses the sensitivity of a method.[@bib12]^,^[@bib14] Applying the qPCR method, the reference standard with the lowest amount of hgDNA that fulfills these acceptance criteria is Ref10E6, which contains 1 human haploid genome within 1 × 10^6^ haploid murine genomes ([Table 3](#tbl3){ref-type="table"}). Furthermore, a statistically significant difference in concentration values between the reference standard Ref10E6 and the background control was defined as the acceptance criterion for determining the quantification limit. To test the hypothesis that the reference standard Ref10E6 and the background control sample were associated with statistically significant differences in mean genome concentration, a Welch's t test was performed, and a significance level of 0.01 was defined. [Table 4](#tbl4){ref-type="table"} shows that a statistically significant difference between the genome concentrations of Ref10E6 and the background control could be calculated for all four validations runs. The Shapiro-Wilk normality test was performed, and Normal Q-Q plots were prepared to prove that the distribution of the data for both samples was sufficiently normal. Additionally, the assumption of the homogeneity of variances was tested and not satisfied via Levene's F test. The detection limit of an individual analytical procedure is defined as the lowest amount of analyte in a sample that can be detected but not necessarily quantitated as an exact value.[@bib13] Based on our preliminary data, only the quantification limit was evaluated.Table 4Quantification Limit DeterminationAcceptance CriterionRef10E6[a](#tblfn7){ref-type="table-fn"}mgDNA[b](#tblfn8){ref-type="table-fn"}Welch's t Test, p ⩽ 0.01Conc.SDConc.SDValidation run 12.75E−025.12E−036.39E−031.13E−03t(4.480) = 8.954, p = 0.0005Validation run 22.96E−025.77E−039.94E−031.01E−03t(4.307) = 7.497, p = 0.001Validation run 32.65E−023.35E−037.25E−033.01E−04t(4.080) = 12.756, p = 0.0002Validation run 42.81E−023.05E−031.22E−022.29E−03t(6.994) = 8.893, p = 0.00005[^7][^8]

Biodistribution of i.v. Administered Genetically Modified HA-BOECs {#sec2.2}
------------------------------------------------------------------

Following the recommendations of the EMA guidelines for GTMPs, the biodistribution of genetically modified HA-BOECs in a worst-case scenario was examined ([Figure 2](#fig2){ref-type="fig"}). Genetically modified HA-BOECs were characterized using flow cytometry and tested positive for the endothelial surface markers CD31 and VEGFR2. In addition, the BOECs were positive for vascular endothelial (VE)-cadherin and the progenitor and activation marker CD34 but negative for the leukocyte marker CD45.[@bib29]^,^[@bib36] The results for the characterization of genetically modified HA-BOECs by flow cytometry are shown in [Figure S10](#mmc1){ref-type="supplementary-material"}. Study samples with the same genome concentration as the background control, consisting of mgDNA only, were defined as negative. This means that no human genomes could be amplified in these organs, assuming a quantification limit of 1 human genome in 1,000,000 mouse genomes, as described earlier. Samples of organs and tissues showing a statistically significant lower genome concentration than the background control were also considered negative. In contrast, samples of organs and tissues showing a statistically significant higher genome concentration compared to the background control were defined as positive, meaning that the presence of human genomes was demonstrated. A significance level of 0.05 was defined for samples with concentrations exceeding that of the background control. A Mann-Whitney U test was performed to test the hypothesis that the organs of the two treatment groups and the background control would show statistically significant differences in the mean ranks for genome concentration. The distribution of genome concentration values for tissues and organs from different mice in the treatment groups was not sufficiently normal for the purpose of performing a parametric test. The Mann-Whitney U test indicated that, on average, the genome concentrations found in the organs brain, heart, liver, and lung (mean rank = 8; n = 5) from the 24-h treatment group were significantly higher than the concentration of the background control (mean rank = 3; n = 5), U(n = 10) = 0, p = 0.008. The r value was calculated to determine effect size and was estimated to be 0.83, which is a large effect. For example, the average genome concentration measured in the lungs of five mice after 24 h corresponds to a ratio of 1 BOEC to 2,783.49 mouse cells and a percentage of 0.036%. In contrast, the average genome concentration measured in the livers of five mice after 24 h corresponds to a ratio of 1 BOEC to 412,674.92 mouse cells and a percentage of 0.00024%. No human genomes could be detected in the 24-h treatment group for other organs analyzed such as bone, including bone marrow, kidney, spleen, and gonads ([Figure 2](#fig2){ref-type="fig"}A). In the 7-day treatment group, the genome concentration in all organs did not show a statistically significant increase compared to the concentration of the background control. This implies that no signs of biodistribution could be detected after 7 days ([Figure 2](#fig2){ref-type="fig"}B).Figure 2Detection of human haploid genomes in eight different mouse organs at two different time points(A and B) Organs were analyzed 24 h (A) and 7 days (B) after i.v. infusion of genetically modified HA-BOECs into NOD/SCID/gamma(C)(null) mice. The qPCR was performed for quintuplicate samples in one run. The concentrations of human haploid genomes in 100 ng DNA measured in bone, including bone marrow, brain, heart, kidney, liver, lung, spleen, and gonads are indicated as boxplots for five different mice (n = 5). For the organs heart in the 7-day group and gonads in the 24-h group, the boxplot represents four mice (n = 4). Whiskers represent minimum and maximum values, and the bold horizontal line represents the median. Circles represent outliers. The genome concentration measured in samples from brain, heart, liver, and lung after 24 h significantly exceeded the concentration of the background control (Control) mgDNA (∗p = 0.008).

Additionally, a Mann-Whitney U test was performed to test the hypothesis that the organs found to be positive in the 24-h treatment group would show statistically significant differences in the mean ranks for genome concentration compared to the same organs in the 7-day treatment group ([Figure 3](#fig3){ref-type="fig"}). The reason for this was to investigate the persistence of genetically modified HA-BOECs after 7 days in different organs. The concentrations found in brain and liver (mean rank = 8; n = 5) after 24 h significantly exceeded the concentrations of genomes detected in these organs after 7 days (mean rank = 3; n = 5), U(n = 10) = 0, p = 0.008, with a large effect size of r = 0.83. Likewise, the concentration measured in the lung in the 24-h treatment group (mean rank = 7; n = 5) was significantly higher than the concentration found in the lung in the 7-day treatment group (mean rank = 2.5; n = 4), U(n = 9) = 0, p = 0.016, with an r value of 0.82, implicating a large effect size. The genome concentrations found in the heart for both time points, 24 h (mean rank = 6.4; n = 5) and 7 days (mean rank = 3.25; n = 5), were not significantly different, U(n = 9) = 3, p = 0.111.Figure 3Detailed Comparison of Organs Testing Positive for Human Haploid GenomesDetailed comparison of the concentration of detected human haploid genomes in 100 ng DNA in the brain, heart, liver, and lung at 24 h and 7 days after i.v. infusion of genetically modified HA-BOECs into NOD/SCID/gamma(C)(null) mice. The qPCR was performed for quintuplicate samples in one run. The concentrations of human haploid genomes measured in the four organs at both time points are indicated as boxplots for five different mice (n = 5). For the heart in the 7-day group, the boxplot represents four mice (n = 4). Whiskers represent minimum and maximum values, and the bold horizontal line represents the median. Circles represent outliers. The genome concentration measured in samples from lung (∗p = 0.016), brain, and liver (∗∗p = 0.008) after 24 h was significantly higher than the genome concentration measured in these organs after 7 days. However, the heart samples (∗∗∗p = 0.111) showed no significant difference.

The suitability of the processes upstream of the analysis of study samples by qPCR with regard to, e.g., cross-contamination was ensured by analyzing all eight organs of the control group mice at both time points to confirm the absence of human genomes. All organs of control mice were analyzed and the resulting data showed that the genome concentration was below or equal to the concentration of the background control with the exception of only one very slightly positive organ; however, this was not statistically significant.

Discussion {#sec3}
==========

The qPCR method used to investigate the biodistribution of cell-based medicinal products must be appropriate to ensure that reliable results are obtained in order to support a foreseen clinical trial application or European marketing authorization request. To achieve this, a well-characterized and validated method of analysis should be used.[@bib12] Furthermore, it is important that sufficient information about the applied experimental method is provided to ensure that results can be interpreted in a meaningful way and compared to other experiments.[@bib37]

The data presented here demonstrate that the concentration of human genomes within mouse genomes can be determined with high accuracy, precision, and linearity between the concentrations of 1:1 × 10^3^ and 1:1 × 10^6^. The method narrowly failed to achieve the required accuracy values for reference standards with higher concentrations of hgDNA. The reference standard containing only hgDNA missed the acceptance criteria for both accuracy and precision, and generally higher standard deviations were observed when analyzing this reference standard. This is probably due to the high initial DNA content present in this reference standard, which might inhibit the qPCR or impede accurate amplification.[@bib10] Almost certainly, it can be stated that neither preparation nor stability of the reference standards is an issue, as the more diluted reference standards all fulfill the acceptance criteria for accuracy and precision, even when analyzed after a storage period of 5 months. Each batch of reference standards Ref10E1--Ref10E6 was prepared using the same standardized manufacturing process starting from the undiluted hgDNA. Moreover, the range of the method is appropriate for its intended purpose: concentrations of human genomes within mouse genomes higher than 1:1 × 10^2^ are not expected after the administration of a cell-based product in a mouse model, because lodging of BOECs or their progenitor cells is generally low in healthy organs.[@bib38]^,^[@bib39] In addition, previously published results have indicated lower concentrations of BOECs in different mouse organs.[@bib31] However, the aim was to fully cover the potential quantification range of validation studies in order to unambiguously determine the upper and lower concentration limits at which the qPCR method can detect human genomes in mouse genomes at a suitable level of precision, accuracy, and linearity. In addition, the preliminary results obtained during method development and robustness evaluation already suggested that the undiluted hgDNA reference standard might not meet the acceptance criteria as laid down in [Table 3](#tbl3){ref-type="table"} (see also, in particular, [Table S2](#mmc1){ref-type="supplementary-material"} and [Figure S4](#mmc1){ref-type="supplementary-material"}). In contrast, the accuracy values for reference standard Ref10E1 (except for validation run 3) and, in particular, for reference standard Ref10E2 were very close to the defined acceptance criteria, and they were assumed to meet the criteria based on the preliminary results and considering the application of a more standardized approach for the method validation. The decision to include the pure hgDNA reference standard was made under the assumption that the linearity assessment should cover the whole quantification range. Consequently, it was a risk-based decision to include all reference standards. Interestingly, when analyzing the SSC, a similar problem to that described by Funakoshi et al.[@bib23] was discovered. The concentration of human genomes was only 21.94% of the calculated expected concentration of spiked genomes in the mouse liver. Reasons for this might be loss of genomic DNA during genome extraction, the error and variance that underlie the cell-counting procedure, or the procedure of spiking the liver powder with genetically modified HA-BOECs. This issue will need further investigation.

Assessment of the quantification limit is important, as the sensitivity of the qPCR method must be high enough with respect to the current state of the art.[@bib3] However, comparison of the sensitivity of published methods is difficult due to, e.g., differences in how the quantification limit is defined and calculated, missing accuracy and precision values for the reference standard with the lowest concentration, and different techniques for handling and preparation of reference standards for the calibration curves.[@bib37] Nevertheless, analyzing and comparing the sensitivity of recently published methods targeting hAlu repeat sequences[@bib18]^,^[@bib19]^,^[@bib23] and other human sequences[@bib15]^,^[@bib16] indicates that a quantification limit of 1 human genome in 1 × 10^6^ murine genomes could represent the current state of the art. The qPCR method successfully achieved this limit under different experimental conditions in four validation runs, confirming the reliability and robustness of the method. The determination of the detection limit in addition to the quantification limit might increase certainty that no cells remain in the different organs, taking into consideration that this method could also be applied later to investigate a potential leakage of subcutaneously administered BOECs in combination with a medical device. However, there are difficulties that need to be taken into account before calculating the detection limit of a qPCR method according to the ICH Guideline Q2(R1), based, e.g., on the signal-to-noise ratio or based on the positive cutoff point as recommended by the European Pharmacopoeia Monograph 2.6.21.[@bib13]^,^[@bib14] The estimation of the detection limit in qPCR analysis is complicated by the logarithmic nature of Cq and because Cq is undefined when the template concentration is zero.[@bib37] In addition, it has to be considered that hAlu-based qPCR methods probably measure a signal for samples containing only the sample matrix mgDNA. Furthermore, potential background signals of the sample can be derived from an unpredictable non-specific reaction among primers and probes, particularly at high cycle numbers.[@bib18]^,^[@bib23] Due to these reasons, the quantification limit was determined as described earlier. The extensive evaluation of all required validation parameters following European and international guidelines and the disclosure of the applied qPCR protocol and the respective dataset strengthen the reliability of the results and provide experimental transparency and comparability. This proves that the qPCR method is suitable for its intended purpose, the quantification of hgDNA in mouse organs in a non-clinical setting, in order to support a foreseen clinical trial application or European marketing authorization request. These biodistribution data are mandatory to determine the toxicokinetic safety profile and to move the cell-based medicinal product toward a first-in-human clinical trial.[@bib2]^,^[@bib12]^,^[@bib40] The biodistribution of BOECs has been investigated by different research groups, mainly using mouse models. They applied different methods of analysis, such as cryosection analysis by fluorescence microscopy, flow cytometry, or qPCR.[@bib31], [@bib32], [@bib33]^,^[@bib41] However, due to the uniqueness and the specific characteristics of each GTMP, with regard to, e.g., the manufacturing process, vector system, administered cell dose, and so forth, reliance on biodistribution data from "similar" products is not sufficient and is unlikely to be accepted by regulatory agencies.[@bib1] However, such studies may provide supportive data that facilitate the design of biodistribution studies for other GTMP candidates. Therefore, determination of the biodistribution in several selected organs using the specific GTMP was the next logical step within the preclinical study program. Following relevant scientific EMA guidelines and taking the planned clinical route of administration into account, a worst-case scenario biodistribution study of i.v. administered genetically modified HA-BOECs was performed.[@bib2] Following i.v. infusion, the highest concentration of BOECs was found in the lung at the earliest time point of investigation. This confirms the hypothesis that cells initially lodge in the lung after systemic administration.[@bib31]^,^[@bib33] More precisely, the highest average concentration of genetically modified HA-BOECs was found in the lung after 24 h. This was significantly higher than the concentration of BOECs found in liver, brain, and heart, which had the second highest average, being approximately 63 times lower than that in the lung. No significant differences were found in the concentration of detected genetically modified HA-BOECs in heart, brain, and liver. In contrast to the data published by Milbauer et al.,[@bib31] stating that BOECs isolated from healthy human donors could be detected in all investigated organs, no biodistribution of genetically modified HA-BOECs was observed in kidney, spleen, gonads, or bone including bone marrow 24 h and 7 days after i.v. infusion. However, the gradual decrease in cell numbers in almost all investigated tissues observed by Milbauer et al.[@bib31] and Somani et al.,[@bib34] who investigated different earlier and later time points, should be acknowledged. There are various possibilities based on different processes that could contribute to this gradual decrease in BOECs detected in mouse organs. These processes, in combination with the design of the biodistribution study, are important for evaluating and understanding the toxicokinetic safety profile of BOECs after systemic administration compared to administration in combination with a medical device. The first process is the initial i.v. infusion of the cell suspension into mice followed by the circulation of BOECs in the bloodstream. In particular, the concentration of BOECs circulating in the bloodstream and, consequently, in different organs is expected to be higher at earlier time points after cell infusion, e.g., 24 h, compared to later time points, e.g., 7 days.[@bib32]^,^[@bib33] The amount of hgDNA measured in mouse organs after 24 h might be higher than after 7 days, due to the fact that all mouse organs are harvested and frozen directly while still containing blood with a probably higher number of circulating BOECs. Second, there is the possibility that a proportion of the circulating BOECs or those engrafted or migrated into mouse tissues are dying and being cleared during this time and, therefore, cannot be detected by qPCR.[@bib31]^,^[@bib34] The degradation of dead cells by caspases and DNases starts almost immediately upon phagocytosis. Therefore, reliable quantification of hgDNA isolated from dead cells is unlikely, and preliminary data from other research groups suggest that hAlu-based qPCR amplifies DNA mainly from living cells.[@bib18]^,^[@bib21] It is expected that the recipient natural killer cells or macrophages will deplete the living BOEC population, and the extent of this will depend on the level of the immunological dysfunction of the mouse model used.[@bib31]^,^[@bib42] NOD/SCID/gamma(C)(null) mice are considered to be a suitable mouse model, as they feature high engraftment levels of human cells due to multiple immunological dysfunctions, e.g., incompetence of T, B, and natural killer cells.[@bib43] A third possibility is the migration of circulating BOECs or BOECs engrafted in different tissues. In general, endothelial cell migration is essential for angiogenesis, but, depending on the situation, intercellular signals, and environmental cues, endothelial cells can also migrate during vasculogenesis and in a damaged vessel to restore vessel integrity.[@bib44] BOECs might migrate to different tissues during the duration of 7 days; as a result, they might not be detected by qPCR in the harvested organs. Consequently, endothelial cell migration might influence the amount of human BOECs measured in different mouse organs. However, the impact of these processes might differ depending on the route of administration. The application of BOECs into a medical device should result in a lower concentration of BOECs in the bloodstream and, consequently, in different organs compared to the i.v. infusion of BOECs as a worst-case scenario. Interestingly, the third highest average genome concentration was found in the brain. This raises the question of whether human BOECs can be incorporated into the blood-brain barrier or actually cross this barrier.[@bib45] Modified cells or cells of a different origin, especially those of the macrophage lineage, might have the ability to cross the blood-brain barrier.[@bib46] It is possible that the harvesting procedure plays a role here, considering that parts of the blood-brain barrier might also be harvested and contain incorporated human cells or cell fragments. Moreover, in contrast to qPCR-based methods, no or only an extremely small amount of specifically labeled BOECs could be found in the brain by, e.g., fluorescence microscopy or detection of radioactivity.[@bib7]^,^[@bib38]^,^[@bib41] The utilization of human *in vitro* blood-brain barrier models or the histological assessment of different brain segments could help to answer these questions.[@bib47] The use of histological analysis to confirm qPCR results for the investigated organs would be an advantageous approach, as qPCR can only detect DNA, whereas histological analysis can detect cells and also evaluate them, e.g., for viability.[@bib22] In comparison to other research groups, no biodistribution of BOECs could be detected in bone marrow samples.[@bib31]^,^[@bib33]^,^[@bib41] However, unlike in other studies, the bone marrow was not separated from the bone but analyzed as one sample. Following EMA guidelines for rodent animal models, the organ-harvesting protocol required the removal of the femur, including bone marrow.[@bib48] As endothelial progenitor cells originate from the bone marrow[@bib24] and BOECs have been detected in bone marrow samples by several different research groups applying different analytical methods,[@bib31], [@bib32], [@bib33]^,^[@bib41] it is likely that readministered BOECs can be found in pure bone marrow after i.v. administration. The measurement of a combined sample instead of a pure bone marrow sample could be the reason why no human genomes were detected, as the levels may have fallen below the quantification limit.

In conclusion, the biodistribution of a cell-based medicinal product must always be investigated on a case-by-case basis for each specific product. Here, the application of state-of-the-art and validated methods is important to ensure the adequacy and reliability of the generated data. In this article, the validation and application of a highly sensitive, precise, and accurate qPCR-based method for the evaluation of hgDNA in mouse organs is presented. The validation approach---including defined specifications for accuracy, precision, linearity, range, and quantification limit---follows prevailing European and international guidelines, thus making this a method of choice for required GLP-compliant non-clinical animal studies. The next step will be to determine the biodistribution after applying cells in the foreseen clinical route of administration. Subsequently, the evaluation and comparison of these data with the results presented here for the worst-case scenario biodistribution study of i.v. administered genetically modified HA-BOECs will follow. This will provide the opportunity to further evaluate the toxicokinetic safety profile of this cell-based medicinal product.

Materials and Methods {#sec4}
=====================

Blood Sampling, BOEC Isolation, Transduction, Culture Conditions, Characterization, and i.v. Infusion {#sec4.1}
-----------------------------------------------------------------------------------------------------

Blood sampling from adult severe HA patients was performed at the hospital A.O.U Città della Salute e della Scienza, Turin, Italy, followed by standardized transportation of the blood at room temperature to the Department of Health Sciences, Università del Piemonte Orientale ''A. Avogadro'', Novara, Italy. Blood sampling from adult severe hemophilia A patients was approved by the ethics committee "Comitato Etico Interaziendale A.O.U. Maggiore della Carità, ASL BI, ASL NO, ASL VCO" (Protocol 810/CE, study no. CE 125/17). Isolation of human HA-BOECs was performed applying the protocol previously outlined by Ormiston et al.[@bib36] with a minor modification. An earlier cell passaging step 7 days after initial isolation of the peripheral blood mononuclear cells was introduced to reduce expansion time and increase the final cell yield, as described previously.[@bib49] Afterward, HA-BOECs were transduced using a lentiviral vector carrying the B-domain-deleted form of human FVIII under the VE-cadherin promoter (LV-VEC.FVIII) at an MOI (multiplicity of infection) of 20. This led to the generation of genetically modified HA-BOECs. BOECs were shipped on dry ice to the University Hospital Würzburg, Würzburg, Germany, in a temperature-controlled transport process for further expansion. Afterward genetically modified HA-BOECs were characterized using flow cytometry for the markers CD31, VEGFR2, VE-cadherin, CD34, and CD45 ([Figure S10](#mmc1){ref-type="supplementary-material"}). The cells were frozen using Cryo-SFM Medium (PromoCell, Heidelberg, Germany) as soon as they reached a population doubling level of 32 to 36, equivalent to about 10 passages with an associated population doubling time of approximately 2 days. The cells were only applied if they passed a defined quality control program, including tests, e.g., for lentiviral integrated copy numbers and absence of microbiological, endotoxin, and mycoplasma contaminations. The same transport process was applied for the shipment of the expanded and genetically modified HA-BOECs back to the Department of Health Sciences, Università del Piemonte Orientale. There, the cryopreserved cells were thawed and cultured for recovery until they reached about 90% confluency. The adherent cell monolayer was washed with Dulbecco's Phosphate Buffered Saline (DPBS) (Sigma-Aldrich, Munich, Germany) and subsequently detached using TrypLE Select Enzyme (1×), no phenol red (GIBCO by Life Technologies, Darmstadt, Germany). Cell counting was performed using the Neubauer improved counting chamber, and cell suspensions of 2 × 10^6^ genetically modified HA-BOECs were prepared from the same cell suspension for each mouse individually. The cells were centrifuged at 190 × *g*, washed with DPBS-, and centrifuged again at 190 × *g*. Pelleted cells, comprising 2 × 10^6^ genetically modified HA-BOECs, were resuspended in 100 μL 0.9% saline (Industria Farmaceutica Galenica Senese, Monteroni D'Arbia, Siena, Italy). Finally, the resuspended cells were i.v. infused into each mouse using a 1-mL syringe (Norm-Ject, Henke Sass Wolf, Tuttlingen, Germany) with a 27G needle (AGANI needle, Terumo Italia, Rome, Italy).

Mice and Animal Husbandry {#sec4.2}
-------------------------

Eight- to 10-week-old NOD/SCID/gamma(C)(null) mice (Charles River Laboratories Italia, Calco, Italy) were used for the biodistribution study. Mice were kept under specific pathogen-free conditions, and animal care was performed at the Department of Health Sciences, Università del Piemonte Orientale, Novara, Italy. Mice were kept in separated standard polypropylene cages for treatment and control groups, and water and diet were provided *ad libitum*. Animal studies were approved by the Animal Care and Use Committee of the Università del Piemonte Orientale "A. Avogadro," Novara, Italy, and by the Italian Ministry of Health (project no. DB064.5), confirming that all experiments conformed to regulatory standards.

Organ and Tissue Harvesting {#sec4.3}
---------------------------

Mice were sacrificed, and harvesting of organs was performed at the Department of Health Sciences, Università del Piemonte Orientale, Novara, Italy, 24 h or 7 days post-i.v. infusion of genetically modified HA-BOECs. The wearing of disposable protective clothing, overshoes, protective gown, cap, face mask, and gloves and the compliance with sanitary regulations, e.g., disinfection of gloves before entering the animal facilities, were verified. Surgical instruments, scissors, forceps, and scalpels were cleaned and sterilized by heating up to 180°C for 3 h in an oven. Before starting organ harvesting, the entire work surfaces and surgical instruments were intensively cleaned with DNA AWAY solution (Fisher Scientific Molecular BioProducts, Schwerte, Germany), according to the manufacturer's instructions. Likewise, after successful harvesting of all the organs from one mouse, the work surfaces and all surgical instruments were again cleaned with DNA AWAY solution to avoid and minimize any potential cross-contamination. Mice were sacrificed by cervical dislocation, and the harvesting of organs and tissues was performed consecutively, starting with the organs from control mice, in the following order: lung, heart, liver, spleen, kidney, gonads, bone with bone marrow, and brain. Whole organs were harvested for all mice. For sampling bone including bone marrow, the femur was harvested and separated from skeletal muscle. All harvested organs and tissues were transferred into Cryo.s 2 mL Cryo Tubes (Greiner Bio-One, Frickenhausen, Germany) and immediately stored on dry ice for intermediate storage. Afterward, organs were stored at −80°C before shipping in a temperature-monitored transport process on dry ice to the facilities of the University Hospital Würzburg, where −80°C storage was maintained until further processing.

DNA Extraction, Concentration Measurement, and Concentration Adjustment {#sec4.4}
-----------------------------------------------------------------------

Organ processing and DNA extraction were performed consecutively, but organ samples were not stored for longer than 6 months. Mice organs were freeze-dried followed by mechanical homogenization using liquid nitrogen and a pestle to obtain a fine dry powder. Genomic DNA extraction was performed using the protocol of the DNeasy Blood & Tissue Kit ("Purification of Total DNA from Animal Tissues (Spin-Column Protocol)" in the DNeasy Blood & Tissue Handbook; QIAGEN, Hilden, Germany). The DNeasy Blood & Tissue Kits with batch numbers 157035017 and 160026736 were used for DNA extraction. Additionally, an RNA lysis step was implemented using 4 μL of 100 mg/mL RNase A (QIAGEN, Hilden, Germany) within step two of the protocol, according to the manufacturer's instructions. The quantity of isolated genomic DNA was measured with a NanoQuant Plate (Tecan, Männedorf, Switzerland) in combination with an Infinite 200 plate reader (Tecan, Männedorf, Switzerland). The manufacturer's instructions for measurement of DNA concentration in small-volume samples of nucleic acids in absorbance mode were followed, and the respective software i-control, v.1.11. for Infinite readers was used. Measurements to prevent cross-contamination included the treatment of all work surfaces and equipment with DNA AWAY solution prior to use, and the use of certified DNA- and DNase-free consumables only, a dedicated set of pipettes, and protective clothing. The DNA concentration of samples was adjusted by dilution with TE buffer solution (pH 8.0) (Sigma-Aldrich, Munich, Germany) to the desired concentration of 50 ng/μL following storage at 2°C--8°C before qPCR analysis.

Oligonucleotides, qPCR Conditions, and Analysis {#sec4.5}
-----------------------------------------------

The sequences of the primers and hydrolysis probe have been described previously.[@bib18] The primers were as follows: forward: 5′-TGGTGGCTCTCTCCTGTAAT-3′ (hAlu fwd); and reverse: 5′-GATCTCGGCTCACTGCAA-3′ (hAlu rev). The hydrolysis probe (hAlu probe) was labeled with carboxyfluorescein (FAM) at the 5′ end and the Eclipse quencher (Eurofins Genomics, Ebersberg, Germany) attached to the minor groove binder molecule at the 3′ end and comprised the following sequence: 5′-TGAGGCAGGAGAATCGCTTGAACC-3′. Primers and probe were synthesized by Eurofins Genomics (Ebersberg, Germany). Primers were purified using HPSF, a trademark of Eurofins Genomics. HPSF stands for High-Purity, Salt-Free and is a column-based purification. The hydrolysis probe was purified by high performance liquid chromatography (HPLC). The qPCR reaction mix included the LightCycler 480 Probes Master Mix (Roche Diagnostics, Mannheim, Germany) at 1× concentration, 400 nM hAlu fwd and hAlu rev primer, 50 nM hAlu probe, PCR-grade water (Roche Diagnostics, Mannheim, Germany), and 100 ng genomic DNA in a total volume of 20 μL for each well. The LightCycler 480 Probes Master Mix is a ready-to-use hot-start PCR mix and contains FastStart Taq DNA Polymerase, reaction buffer, deoxyribonucleotide triphosphate (dNTP) mix with deoxyuridine triphosphate (dUTP) instead of deoxythymidine triphosphate (dTTP), and 6.4 mM MgCl~2~. No further additives such as DMSO were used in the qPCR protocol. The validation as well as the entire analyses for the biodistribution study were performed on a LightCycler 480 System II (Roche Diagnostics, Mannheim, Germany). The qPCR program consisted of 1 preincubation step of 50°C for 2 min; 1 initial denaturation step of 95°C for 5 min, followed by 45 cycles of 95°C for 10 s and 60°C for 30 s for annealing and amplification; and 1 cycle of 40°C for 10 s for cooling. The applied qPCR analysis program was the LightCycler 480 software, v.1.5.1.62, and the detection format was the Monocolor Hydrolysis Probe. The Absolute Quantification/Second Derivative Maximum analysis method was used to determine Cq and concentration values. Further settings were: color compensation off, "high confidence" mode, and selected channel 465-510. The advantage of this analysis method is that it requires little user input; e.g., the baseline settings and the threshold concentration are defined automatically by the instrument. The method takes the shape of the calibration curve into account when calculating the DNA concentration of a sample. Therefore, an error value is calculated for the calibration curve instead of the correlation coefficient. The correlation coefficient describes the correlation of data points with a monotonic decreasing or increasing function. The error describes the deviation of data points from a fitted function, independent of its shape, decrease, or increase. The use of only DNA- and DNase-free consumables was verified in the respective manufacturing protocols. All consumables and reagents, including the DNA LoBind Tubes (1.5 mL; Eppendorf, Hamburg, Germany), LightCycler 480 Multiwell Plate 96, LightCycler 480 Sealing Foil, LightCycler 480 Probes Master (all Roche Diagnostics, Mannheim, Germany), and Tris-EDTA buffer solution (TE-buffer) were certified free from DNA and DNase contaminations. Measurements to prevent cross-contamination also included the treatment of all work surfaces and equipment with DNA AWAY solution prior to use as well as the use of a dedicated set of pipettes and protective clothing. The reference standards used to generate and calculate the calibration curve (hgDNA, Ref10E1--Ref10E6) were prepared using commercially available characterized hgDNA (EMD Millipore, Hayward, CA, USA) as reference material and performing six 10-fold serial-dilution steps of hgDNA into commercially available characterized mgDNA (EMD Millipore Corporation, Hayward, CA, USA). The source of the hgDNA reference material is human whole blood, and the preparation was free of contaminating deoxyribonucleases. The purity of the hgDNA solution was determined by measuring the A~260~/A~280~ ratio with acceptance criteria between 1.70 and 1.95. More than 90% of the hgDNA was shown to be larger than 100 kilobase pairs (kbp) in size, and no inhibition of restriction enzyme activity was observed. The accuracy of the concentration was ±10%. In addition, the applied methods are outlined in the certificate of analysis provided by the manufacturer. Four different batches of reference material were used to prepare the reference standards: two for method development and robustness evaluation and two for method validation. The concentration calculation for these reference standards was based on the concentrations of human genomes within mouse genomes for each standard, and the complete calculation can be found in [Table S6](#mmc1){ref-type="supplementary-material"}. The DNA concentrations of the reference standards, background control, and SSC were adjusted to the desired concentration of 50 ng/μL, and they were stored at 2°C--8°C until qPCR analysis.

Biodistribution Study Protocol, Method of Analysis, and Data Evaluation {#sec4.6}
-----------------------------------------------------------------------

The objective of the biodistribution study was to determine whether 2 × 10^6^ i.v. administered genetically modified BOECs from severe HA patients biodistribute and persist in the lung, heart, liver, spleen, kidney, gonads, bone with bone marrow, or brain after 24 h and 7 days. It was performed as a worst-case scenario biodistribution study, and the BOECs were infused i.v. to achieve maximum systemic levels. In contrast, the actual clinical route of administration consists of subcutaneous application of BOECs in combination with a medical device. For this reason, less biodistribution is expected for the clinical route of administration. However, due to the possibility of a damaged medical device or a potential leakage of BOECs from the medical device into the bloodstream of patients, the investigation of biodistribution for both routes of administrations, starting with i.v. application, were considered to be an important part of the toxicokinetic safety profile. As the probability of distribution of BOECs into the bloodstream of patients, as described earlier, is expected to be low, the number of animals used for the worst-case scenario biodistribution study was kept to a minimum. Mice were randomly allocated to study groups, and animal care, cell infusion, and organ harvesting were performed by independent operators. The treatment and handling of animals were the same across study groups and control groups. Mice in the treatment groups were infused with a single dose of 2 × 10^6^ genetically modified HA-BOECs (n = 5). The mice in the control groups received only PBS (n = 5). The cell dose of 2 × 10^6^ genetically modified HA-BOECs was the same as the dose used in the proof-of-concept studies applying the clinical route of administration. Animals from the control and the treatment groups were kept in different cages for 24 h (n = 2) or for 1 week (n = 3) until organ harvesting. The harvesting of organs and tissues was performed consecutively, starting with the organs of control mice to minimize cross-contamination. Eight different organs---i.e., bone including bone marrow, brain, heart, kidney, liver, lung, spleen, and gonads---were harvested, followed by extraction of genomic DNA from all organs, DNA quantification, and concentration adjustment of samples for qPCR analysis. These steps were performed sequentially, meaning that the next step was only started if all samples were processed completely. The operators performing genomic DNA extraction, DNA quantification, and concentration adjustment were different and independent from the operators performing qPCR experiments and data evaluation. The same qPCR method and protocol validated as described earlier was applied for the analysis of the biodistribution samples. The only exception was the integration of an external calibration curve for the determination of the concentration of human genomes in samples. The reference standards prepared for the generation of the external calibration curve were examined in three independent qPCR runs before application. If the acceptance criteria for all three independent runs were met, the external calibration curve of one of these qPCR runs was integrated into the qPCR protocol and applied for the evaluation of all biodistribution samples. The general requirements for the application of an external calibration curve are that the qPCR amplification is highly reproducible, reaction conditions are constant, and the detection format and analysis mode are the same as for the experiment from which the calibration curve was imported. Furthermore, it is important to include and define a reference standard that falls within the range of the imported external calibration curve and to introduce control samples that were quantified in a previous experiment to compare the calculated values. The application of an external calibration curve increases the comparability of results, as all sample concentrations from different experiments are calculated based on the same underlying calibration curve. The identification and exclusion of outliers was defined beforehand. Criteria were the observation of a deviating amplification curve, caused, e.g., by a bubble, or an uncertain Cq or concentration value indicated by the LightCycler 480 Software. Furthermore, for the experiment performed to provide the calibration curve, a concentration value for the reference standards (hgDNA and Ref10E1--Ref10E6), mgDNA, or SSC that differed by more than 50% from the median concentration of five replicates was excluded. Finally, all samples and replicates were excluded for which a handling error was documented previously. For the biodistribution samples, concentration values determined with a Cq value of 40 were excluded, as a Cq of 40 was set as the threshold value for the LightCycler 480 System II.

Statistics {#sec4.7}
----------

The statistical analysis was performed using the statistics software IBM SPSS Statistics v.23. The quantification limit within the validation was determined with a Welch's t test comparing the means of the reference standard with the lowest DNA concentration and the background control sample. A significance level of 0.01 was defined. Statistical comparison of the biodistribution of tail-vein-infused genetically modified HA-BOECs in several mouse organs, measured as the concentration of human genomes, after 24 h and 7 days was carried out using a Mann-Whitney U test. The Pearson r correlation was calculated to evaluate effect size. The significance level was defined as 0.05. A Shapiro-Wilk normality test was performed previously, and Normal Q-Q plots were prepared to determine whether a parametric or non-parametric statistical test was mandatory. Additionally, the assumption of the homogeneity of variances was tested via Levene's F test before the parametric test was performed.
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[^1]: The calibration curves were prepared using two different batches of reference standards. For each validation run, one reference standard batch was used. Each reference standard batch was prepared by a different operator.

[^2]: The intra-assay accuracy and precision values are calculated with five replicates for each single validation run (n = 5).

[^3]: Precision is expressed as the coefficient of variation (CV) in percentage.

[^4]: The intra-assay accuracy and precision values are calculated with five replicates for each single validation run (n = 4).

[^5]: The intra-assay accuracy and precision values are calculated with five replicates for each single validation run (n = 2).

[^6]: The inter-assay accuracy and precision values are calculated combining all replicates for every different reference standard of validation runs 1--4.

[^7]: The data represent the mean haploid genome concentration (Conc.), meaning human haploid genomes in 100 ng DNA, and the standard deviation (SD) of five replicates (n = 5).

[^8]: The data represent the mean haploid genome concentration (Conc.), meaning human haploid genomes in 100 ng DNA, and the SD of four replicates (n = 4).
